Aim: Some small molecules can induce mouse embryonic stem (ES) cells to differentiate into neuronal cells. Here, we explored the effect of isobavachin (IBA), a compound with a prenyl group at position 8 of ring A, on promoting neuronal differentiation and the potential role of its protein prenylation. Methods: The hanging drop method was employed for embryonic body (EB) formation to mimic embryo development in vivo. The EBs were treated with IBA at a final concentration of 10 -7 mol/L from EB stage (d 4) to d 8+10. Geranylgeranyltransferase I inhibitor GGTI-298 was subsequently used to disrupt protein prenylation. Neuronal subtypes, including neurons and astrocytes, were observed by fluorescence microscopy. Gene and protein expression levels were detected using RT-PCR and Western blot analysis, respectively. Results: With IBA treatment, nestin was highly expressed in the neural progenitors generated from EBs (d 4, d 8+0). EBs then further differentiated into neurons (marked by β-tubulin III) and astrocytes (marked by GFAP), which were both up-regulated in a timedependent manner on d 8+5 and d 8+10. Co-treatment with GGTI-298 selectively abolished the IBA-induced neuronal differentiation. Moreover, in the MAPK pathway, p38 and JNK phosphorylation were down-regulated, while ERK phosphorylation was up-regulated after IBA treatment at different neuronal differentiation passages. Conclusion: IBA can facilitate mouse ES cells differentiating into neuronal cells. The mechanism involved protein prenylation and, subsequently, phos-ERK activation and the phos-p38 off pathway.
Introduction
Embryonic stem (ES) cells are pluripotent cells that have the capacity to continuously proliferate while retaining the potential to differentiate into three germ cells (cells derived from the end-, mes-, and ectoderm).
Mouse ES cells or their derivatives have been widely studied in the field of developmental biology, drug discovery and regenerative medicine [1] [2] [3] . Small molecules offer distinct advantages for the differentiation of mouse ES cells and are useful tools to facilitate therapeutic applications. Moreover, small molecules can provide temporal control over protein functions, inducing rapid activation or inhibition, and the effects are often reversible and can be adjusted by varying the concentrations of small molecules [3, 4] . Furthermore, a single small molecule can simultaneously regulate multiple specific targets within a protein family or across various protein families [5] . Small molecules for neuronal differentiation from mouse ES cells have received increasing attention as potential treatments for neurodegenerative diseases, such as Alzheimer's and Parkinson's diseases [6, 7] . However, there still remains a question about how small molecules direct and control the neuronal differentiation of mouse ES cells [8] . Recently, several small molecules have been reported to have neuronal differentiation ability. We have previously demonstrated that prenylflavonid compounds, such as icaritin [9] , can promote neuronal differentiation of ES cells in an estrogen receptorindependent manner in vitro [9] . However, the structurerelated neuronal differentiation mechanisms are still poorly understood. It is, therefore, important to identify the intrinsic or extrinsic factors that regulate the underlying molecular mechanisms involved in ES cell self-renewal, proliferation and neuronal differentiation [8] . Thus, isobavachin (IBA, Figure 1 ), Protein prenylation is a process of posttranslational modification present in a great number of proteins [10] . It has been proposed to be responsible for membrane association and protein-protein interactions, which contribute to its role in signal transduction pathways [11, 12] . Geranylgeranyltransferase I (GGTase I) is necessary for protein prenylation and is involved in cell survival, proliferation, and migration [12, 13] . GGTase I is also associated with the mitogen-activated protein kinase (MAPK) pathway [10] . The MAPK pathway regulates cell survival, proliferation, differentiation and motility [14, 15] , such as the case of differentiation of mouse ES cells [15] [16] [17] . In the MAPK pathway, sustained activation or phosphorylation of extracellular signal-regulated kinase (ERK) is a specific requirement for the neural lineage commitment [8] and is associated with neuritis formation and neuron survival during ES cells differentiation [16] . In addition to ERK, p38MAPK phosphorylation is also activated during early mouse ES cell differentia tion [8, 15] . This was proved to be a trigger in determining the ES cell differentiation fate [15] . The control of p38MAPK activity constitutes an early switch in ES cell commitment into cardiomyocytes and neurons [18] . Moreover, JNK MAPK phosphorylation has neuronal protective effects [19] . Thus, distinct mouse ES cell lineage commitment programs are likely regulated by the integrated action of multiple signaling mechanisms [20] . However, whether prenylflavonid compounds are prenylated by GGTase I catalysis and whether prenylflavonid compounds can in turn activate the MAPK signaling pathway associated with neuronal differentiation has not been reported. Here, we explore the protein prenylation effect of IBA and the subsequent MAPK pathway.
Our data demonstrated that IBA can promote neuronal differentiation from mouse ES cells. The mechanism involved protein prenylation and, subsequently, phos-ERK activation and the phos-P38/JNK off pathway.
Materials and methods

Materials
IBA was prepared according to the existing protocol [21] . Retinoic acid (RA), dimethylsulfoxide (DMSO), 4,6-diamidino-2-phenylindole (DAPI), and β-mercaptoethanol (β-ME) were purchased from Sigma-Aldrich (St Louis, MO, USA). DMEM medium, neural basal medium, B27 supplement, fetal bovine serum (FBS) and GGTI-298 were obtained from Gibco BRL (Burlington, Ontario, Canada). Non-essential amino acid (NEAA) stock solution was purchased from Hyclon (Logan, UT, USA). Recombinant mouse leukemia inhibitory factor (LIF), primary antibodies against neural specific markers β-tubulin III, neurofilament (NEFM), and JNK were purchased from Chemicon (CA, USA). ERK (Cat #9102) primary antibodies against GFAP, p38, phos-p38, phos-ERK, phos-JNK, and GAPDH were purchased from Cell Signaling. The HRP conjugated secondary antibodies (bovine anti-goat IgG-HRP, sc-2350, bovine anti-rabbit IgG-HRP, sc-2370, goat anti-mouse IgG-HRP, sc-2005) were purchased from Santa Cruz, Inc (CA, USA).
Cell culture and differentiation scheme Mouse ES cells (D3 line, American Type Culture Collection, CRL-1934) [22] were routinely cultured on primary cultured mouse embryonic fibroblasts (MEF) cells in DMEM, supplemented with 10% FBS, 0.1 mmol/L β-mercaptoethanol (β-ME), 1×NEAA and 1×10 6 U/L LIF [23] . The experiment conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health, and approval was granted by Ethics Review Board of Zhejiang University. A hanging drop method [24] [25] [26] was used to initiate embryonic body (EB) formation in differentiation medium. A typical 4-/4+ protocol was used to induce neuronal differentiation [27] . Briefly, drops (30 µL) containing approximately 900
ES cells were gently dropped on the lids of Petri dishes and were cultured for 2 d in hanging drops. After EB formation, they were transferred to agar-coated Petri dishes and cultured in suspension for another 2 d. On d 4, IBA (10 -7 mol/L) was added to the medium, and EBs were cultured in suspension for another 4 d. As indicated, GGTase I inhibitor GGTI-298 (10 -6 mol/L) was added into the medium with IBA during differentiation. On d 8+0, EBs were planted on poly-D-lysinecoated culture plates in differentiation medium (neural basal medium and 1% B27 supplement) with IBA to induce neuronal differentiation. A culture treated with 10 -7 mol/L RA was used as a positive control, and 0.1% DMSO was used as a solvent control.
Morphological evaluation
To evaluate the morphological changes during differentiation, an inverted microscope with a phase-contrast optic lens was used. Images were captured by a Leica DFC300 FX camera device, and the images were processed using Image-Pro Plus version 5.1 software (Media Cybernetics, MA, USA). Morphological evaluation was performed according to the existing protocol [28] with some modification. The cells with axons at least three times longer than the size of their cell bodies were considered to be neuron-like cells.
Immunocytochemistry analysis
Immunostaining with cell markers was used to confirm the 
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Acta Pharmacologica Sinica npg cell subtypes [29] . Cultures were washed with PBS solution and then fixed for 15 min in ice-cold methanol containing 0.3% hydrogen peroxide. Fixed cultures were then washed three times with PBS and incubated in blocking solution (10% FBS in PBS) for 1 h. After washing three times with PBS, the cultures were incubated with primary antibodies at a dilution of 1:50 in buffer (0.5% triton X-100 in PBS) overnight at 4 °C. Subsequently, the cultures were washed with PBS and incubated with the corresponding fluorescent secondary antibodies at a dilution of 1:200 for 2 h, avoiding light. Then, the culture was incubated in 2 µg/mL DAPI solution in PBS for 1 min to label the nuclei. In the experiment, β-tubulin III was used as a neuron marker, and GFAP was used as an astrocyte marker. The immunostaining results were visualized by microscopic examination using a Leica inverted microscope equipped with a fluorescence system.
Western blot analysis
The cells were harvested and were lysed at 4 °C in extraction buffer containing Tris-HCl (pH 7.5, 20 mmol/L), NaCl (150 mmol/L), EDTA (1 mmol/L), Triton X-100 (1%), sodium deoxycholate (0.5%), PMSF (1 mmol/L), leupeptin (10 µg/mL), and aprotinin (30 µg/mL). The lysates were centrifuged at 14 000×g for 30 min at 4 °C. The protein concentration was quantified by modified Lowry assay (DC protein assay; BioRad, Hercules, CA, USA). SDS-PAGE, Western blotting, and the optical density measurements of the films were performed according to existing protocols. Briefly, 40 µg of protein was loaded on each lane, and the proteins were transferred to a nitrocellulose membrane after running SDS-PAGE. Transferred membranes were blocked for 1 h in 5% nonfat milk in Tris buffer containing 0.1% Tween-20 (TBS/T). The specific dilutions of the primary antibodies were as follows: NEFM (1:500); β-tubulin III (1:1000); GFAP (1:1000); p38 (1:500); phosp38 (1:500); ERK (1:1000); phos-ERK (1:500); JNK (1:500); phos-JNK (1:500); and GAPDH (1:10000). Primary antibodies were diluted in 5% milk, and the blots were incubated overnight at 4 °C. The blots were washed three times (15 min each) with 10 mL TBS/T and were incubated with secondary antibody (1:5000) with gentle agitation for 1 h at room temperature. Then, the blots were washed three times with TBS/T and were exposed to a chemiluminescencent detection system using the Super Signal West Pico Substrate (Pierce, Rockford, IL, USA). Digital images of appropriate films were captured and quantified using the bio-imaging system (Bio-Rad, USA). The PCR reactions were initiated by denaturation at 94 °C, followed by annealing at a certain temperature (Table 1) for 45 s and amplification at 72 °C for 45 s using mastercycler gradient PCR amplifier (Eppendorf, Germany). The specific primer pairs and PCR reaction conditions are described in detail in Table 1 .
Semi-quantitative RT-PCR analysis
The PCR products were analyzed by 1.5% agarose gel electrophoresis, visualized with ethidium bromide staining, and quantified by a bio-imaging analyzer (Bio-Rad, USA). The quantification analysis of the optical density of the products was performed using Quantity One software (Bio-Rad, USA).
Results
Neuronal differentiation effect
The morphological changes during the course of neuronal differentiation were observed. There was apparent difference between the IBA treatment group and the solvent control group. At the terminal of cultivation d 8+10 in our [9] (Figure 2A ). Neurons expressing β-tubulin III and astrocytes expressing GFAP induced by IBA were more obvious than those in solvent control ( Figure 2B ). The neural progenitor cell marker nestin is highly expressed in EBs (d 4 or d 8+0) with or without IBA treatments, and expression decreases gradually during neuronal differentiation. Oct3/4, a marker of pluripotency, was highly expressed in ES cells and disappeared at terminal differentiation. The mRNA and protein levels of β-tubulin III were both expressed from the EB stage to terminal differentiation. However, only a small amount of GFAP was expressed at the early stage, and GFAP expression was up-regulated in a time-dependent manner ( Figure 2C ). NEFM, a neurofilament marker that can reveal the fates of axons, was up-regulated by IBA treatment ( Figure 2D ).
Involvement of protein prenylation in IBA-promoted pneuronal differentiation
GGTase I inhibitor GGTI-298 [11] was used to explore whether protein prenylation was involved in neuronal differentiation of mouse ES cells in this study. After the treatment with IBA accompanied with 10 -6 mol/L GGTI-298 (no cytotoxicity to EBs, data not shown), the promoting effect in neuron and astrocyte differentiation was remarkably reduced as demonstrated by immunocytochemistry and Western blot analysis. Interestingly, GGTI-298 has no effect on RA-induced differentiation, which means that the promoting effects of IBA and RA on neuronal differentiation act via completely different pathways ( Figure 3) .
Involvement of MAPK pathway in IBA promoted neuronal differentiation
To explore the further possible mechanisms of the neuronal differentiation promoted by IBA, proteins related with the MAPK pathway were assessed by Western blot analysis. The samples were collected at multiple time points up to and including terminal differentiation. It was observed that p38 and JNK phosphorylation was detected during the ES and EB (d 4, d 8+0) passages and then was down-regulated on d 8+5 and d 8+10. Moreover, little p38 phosphorylation was detected during the entire differentiation course. In contrast, ERK phosphorylation was detected in ES cells, little was seen in EBs (d 4, d 8+0) , and then it appeared to be up-regulated during the neuronal differentiation (Figure 4 ).
Discussion
Mouse ES cells as a model system can be used to investigate the effects of small molecules on differentiation and cell function in pharmacology [30] . Although numerous studies on the neuronal differentiation of mouse ES cells have been reported, the underlying molecular mechanism is probably a complex process and is still largely unknown. Recent studies have indicated that protein prenylation may play some role in the neuropharmacology of Alzheimer's disease [10] . Thus, we speculated that the process of protein prenylation may be associated with the neuronal differentiation induced by prenylflavonid compound IBA. IBA with prenyl group at position 8 of ring A may be activated by GGTase I, which can further regulate the ERK MAPK pathway and induce ES cell differentiation [11] . Moreover, mouse ES cell-derived neurons and astrocytes are regulated via the MAPK signaling pathway [11] . Pathways including ERK MAPK, and protein prenylation conceivably converge to alter the expression of cytoskeletal protein neurofilaments (NEFM) to modulate neurite outgrowth [31, 32] and promote neuronal differentiation from mouse ES cells. However, whether prenylflavonid compounds are capable of protein prenylation and other elements in the MAPK pathway are related to protein prenylation is still unknown.
In our study, at the early stages of the first two days in hanging drops and extra two days in suspension, mouse ES cells were allowed to form aggregated EBs, which resemble 5-to 6-day-old mouse embryos in vivo [33] and express the Oct3/4 gene. As shown in Figure 2 , OCT3/4 was rapidly degraded following IBA treatment, while both β-tubulin III and GFAP were gradually expressed, representing neuron and astrocyte differentiation. Nestin, a well-known marker of neural progenitor cells in EBs, which was highly expressed in EBs (d 4, d 8+0 culture), was remarkably down-regulated in the period of neuronal differentiation (d 8+5, d 8+10 culture) after IBA treatment, indicating that IBA can further promote neural progenitor cells to differentiate into terminal neuronal cells. More interestingly, a significantly increased number of neurons was observed in the IBA-treated cultures accompanied by astrocytes compared with solvent control.
IBA with a prenyl group at position 8 of ring A was found to possess neurogenesis stimulatory activity in our work, but whether prenylflavonoid compounds can play a role in protein prenylation in mouse ES cells and whether protein prenylation is necessary for neurogenesis has not yet been confirmed. To explore the possible role of protein prenylation in inducing neuronal differentiation, pure GGTase I inhibitor GGTI-298 was used. GGTI-298 co-treatment with IBA could obviously affect the fates of mouse ES-cell-derived neurons and astrocytes. Surprisingly, GGTI-298 co-treatment with RA had no effect on the differentiation of either neurons or astrocytes, suggesting that GGTI-298 has no effect on RA-induced neuronal cell generation. Therefore, GGTI-298 might block IBA-induced protein prenylation and influence the neuronal differentiation. These data demonstrate that a prenyl group at position 8 of ring A of IBA is capable of protein prenylation during neurogenesis of mouse ES cells. These effects make IBA and its derivatives promising candidates for developing an efficient method to derive more neuronal or neural progenitor cells for cell replacement therapy.
Protein prenylation has been reported to activate the ERK MAPK pathway [13, 34] . It has also been reported that the sustained activation or phosphorylation of ERK is associated with differentiation [35] . In our study, the level of ERK phosphorylation was high in ES cells and was low in the early periods These data indicate that ERK phosphorylation is a key event required for the survival of ES cells and for neurite formation and neuron survival during mouse ES cell differentiation [16] . At d 4 and d 8+0 culture, nestin was highly expressed in EBs, while ERK phosphorylation was inhibited, suggesting that the inhibition of ERK phosphorylation is associated with neural [15] . The control of p38 MAPK activity constitutes an early switch in ES cell commitment into cardiomyocytes (phos-p38 on) and neurons (phos-p38 off) [18] . In our study, p38 phosphorylation was expressed in the period of ES and EBs (d 4, d 8+0 culture), suggesting that p38 phosphorylation plays a critical role in maintaining mouse ES cell pluripotency and appears to promote neuroectoderm formation, while IBA can prevent p38 phosphorylation and subsequently promote neuronal differentiation. In the late period of neuronal differentiation, p38 phosphorylation was rare, indicating that p38 phosphorylation is associated with the trigger of mouse ES-cell differentiation and that its inhibition is important to neuronal differentiation. JNK phosphorylation was inhibited during neuronal differentiation compared with early stages of ES and EBs. It is noteworthy that the inhibitory effect of IBA on p38 is larger than on JNK phosphorylation. These results suggest that the regulation of the p38 and JNK MAPK signaling cascade may involve two mechanisms underlying the promoting effect of IBA on mouse ES cell neuronal differentiation [19] . Thus, a phosphatase-mediated crosstalk may exist between protein prenylation and the MAPK pathway in the regulation of neuronal differentiation from mouse ES cells promoted by IBA. Moreover, there may be a negative feedback regulation of their phosphorylation [17, 36] . Otherwise, ERK, p38, and JNK may be downstream targets of protein prenylation. However, how IBA regulates the ERK/JNK/p38 MAPK pathways and the specific relationship with protein prenylation needs to be further investigated.
In conclusion, this study suggests that IBA (prenyl group at position 8 of ring A) can facilitate the differentiation of mouse ES cells into multiple kinds of neuronal cell subtypes, such as neurons and astrocytes. The mechanism involved protein prenylation and, subsequently, phos-ERK activation and the phos-p38 off pathway. semi-quantified levels of phos-ERK, phos-JNK and phos-p38 ratio were represented by histograms.
